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In Brief
Lee et al. developed a quantitative live-
cell imaging approach to reveal the
functional hierarchy of redundant actin
assembly factors in cell protrusion. Using
this method, they found that mDia1
initiates cell protrusion and then Arp2/3 is
recruited in a mechano-responsive
manner to reinforce actin polymerization
along with other actin assembly factors.
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Highly redundant pathways often contain compo-
nents whose functions are difficult to decipher from
the responses induced by genetic or molecular per-
turbations. Here, we present a statistical approach
that samples and registers events observed in im-
ages of intrinsic fluctuations in unperturbed cells
to establish the functional hierarchy of events in
systems with redundant pathways. We apply this
approach to study the recruitment of actin assembly
factors involved in the protrusion of the cell mem-
brane. We find that the formin mDia1, along with
nascent adhesion components, is recruited to the
leading edge of the cell before protrusion onset, initi-
ating linear growth of the lamellipodial network.
Recruitment of Arp2/3, VASP, cofilin, and the formin
mDia2 then promotes sustained exponential growth
of the network. Experiments changing membrane
tension suggest that Arp2/3 recruitment is me-
chano-responsive. These results indicate that cells
adjust the overlapping contributions of multiple fac-
tors to actin filament assembly during protrusion on
a 10-s timescale and in response tomechanical cues.
INTRODUCTION
Many cellular processes rely on the integration of multiple path-
ways with overlapping yet differential functions (Kafri et al.,
2009), and dissecting the contributions of these pathways is a
fundamental challenge. Conventional perturbation approaches,
in which pathways are inactivated by genetic or molecular
methods or overactivated one at a time, are limited in their ability
to probe the system, as they tend to lead to adaptation of the
system to the perturbation, obscuring the bona fide function of
the targeted component.
A prime example of a system with redundancy is actin-based
cell protrusion (Krause and Gautreau, 2014). This protrusion
machinery constantly adapts to ever-changing chemical andmechanical inputs. Two decades of work have established
knowledge of most of the molecular players in the protrusion
machinery. In particular, actin polymerization, the driving pro-
cess behind cell protrusion, is promoted by an evolutionarily
conserved multitude of actin assembly factors, all localized at
the cell edge. However, it is still not clear whether these factors
are functionally exchangeable or whether they are organized in a
functional hierarchy.
Addressing this question by elimination of actin assembly fac-
tors, one at a time, offers limited answers, and because the sys-
tem often adapts to the absence of a single factor, may even
cause considerable confusion. Indeed, the current discussion
on what happens when functional Arp2/3 is absent from the
protrusion machinery provides an illustrative example of the un-
expected outcomes of perturbations in redundant molecular
systems. For almost two decades, the Arp2/3 complex has
been described as the master regulator of actin assembly during
cell protrusion (Pollard and Borisy, 2003). However, two inde-
pendent studies recently have shown that cells in which the
activity of Arp2/3 is inhibited still protrude efficiently (Suraneni
et al., 2012; Wu et al., 2012), although both studies report severe
defects or absence of lamellipodia.
These studies show that filament growth mediated by other
factors alone, such as members of the formin family of actin nu-
cleators (Block et al., 2012; Yang et al., 2007; Zaoui et al., 2008)
or actin modulators such as VASP or cofilin (Bear et al., 2002;
Ghosh et al., 2004; Lacayo et al., 2007; Rottner et al., 1999),
can drive cell protrusion. Yet, based on their observations of
Arp2/3-inhibited systems, Suraneni et al. (2012) and Wu et al.
(2012) disagree on what Arp2/3 does in the context of other actin
assembly factors. Suraneni et al. (2012) report that fibroblasts
missing Arp2/3 fail to sense chemotactic gradients and therefore
conclude that Arp2/3 is essential for amplifying the feedback be-
tween actin filament assembly and upstream signaling. The data
in Wu et al. (2012) show that fibroblasts depleted of Arp2/3 are
perfectly capable of responding to a chemotactic gradient but
are deficient in following gradients of extracellular matrix ligands
(haptotaxis). From this, Wu et al. (2012) conclude that Arp2/3 is
not involved in the stimulation of actin assembly downstream
of chemotactic signals, but that Arp2/3-driven lamellipodial net-
works are essential for the alignment of adhesions to influence
the direction of migration in haptotactic gradients. We suspectCell Systems 1, 37–50, July 29, 2015 ª2015 Elsevier Inc. 37
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Figure 1. A Local Sampling and Registration Approach Using Intrinsic Fluctuations at the Leading Edge of Migrating PtK1 Epithelial Cells
(A) Positions (blue, early; red, late time points) of the leading edge of a PtK1 cell stained with CellMask Orange membrane marker undergoing a wound healing
response. Inset: overview of epithelial cell sheet with protruding region highlighted by yellow box.
(B) Protrusion (green to red colors) and retraction (green to blue colors) velocities tracked in edge sectors of 500 nm length.
(C) Normalized times since protrusion (green to red colors) or retraction (green to blue colors) onset for each sector tracked in (B). A value 0means the sector starts
to protrude or retract. A value 1 or 1 means the sector terminates a protrusion or retraction segment, respectively. Scale bars, 10 mm.
(legend continued on next page)
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that the differences between these studies merely reflect the
induction of differential adaptation processes. Specifically, it
seems that in experiments by Suraneni et al. (2012), the cells
compensate for Arp2/30s contribution to actin-mediated protru-
sion, whereas in Wu et al. (2012) they compensate for Arp2/30s
contribution to protrusion and to the putative feedback amplifi-
cation of chemotactic signals. Thus, depending on the balance
between compensating pathways, in one case the actin assem-
bly factor system responds better to chemotaxis and in another
case better to haptotaxis. The key issue is that neither dataset
permits inference of Arp2/30s function in the intact cell protrusion
machinery.
Because of functional overlap and feedback between actin
assembly factors, the dissection of their hierarchy of operation
requires an analysis of assembly factor dynamics in the unper-
turbed system. Thus far, this has been accomplished by
in vitro reconstitution of filopodia-like structures, where the ste-
reotypical growth of actin filament bundles revealed temporal
coordination and cooperation between Arp2/3 andmDia formins
(Lee et al., 2010). Here, we sought to develop a non-invasive
experimental and computational approach that exploits sponta-
neous pathway fluctuations to achieve a similar analysis of the
hierarchy of actin nucleation during cell protrusion in vivo. Our
data reveal that cell protrusions are initiated by recruitment
and activation of the formin mDia1. Recruitment of Arp2/3, pre-
viously thought of as the primary initiator of network assembly
during protrusion events, follows this first step for the purpose
of mechanical reinforcement of the growing actin filaments
against increasing membrane tension (Ji et al., 2008) by autocat-
alytic nucleation of a dendritic network. Additional actin nuclea-
tors, such as mDia2, or actin modulators, such as VASP and
cofilin, augment the growth of the Arp2/3-mediated network
but play minor roles during the early protrusion steps.
RESULTS
Fluctuations in the Membrane Protrusion of the Leading
Edge of Migrating PtK1 Epithelial Cells
To investigate the spatiotemporal dynamics of cell protrusion, we
imaged PtK1 cells stained with a membrane marker (CellMask
Orange) at a 5-s frame interval. The state of motion at the leading
edges of epithelial cells varies over short spatial and temporal
scales (Figure 1A). This suggests that the underlying regulatory
pathways, including the states of actin polymerization, are also
spatiotemporally variable. To capture this morphogenic hetero-(D–G) Registration of spatially localized time series reporting molecular or cellula
motion and molecular or cellular activities in 500 3 500 nm probing windows
instantaneous edge velocity (top) and activity (in this example, normalized fluor
respectively, of one probing window. Registration of velocity map (top) and activ
(t = 0) (F), and maximal protrusion velocity (t = 0) (G).
(H–J) Correlation of protrusion velocities between adjacent sampling windows.
velocity time series acquired in sampling windows separated by the specified dist
onset (I), and maximal protrusion velocity (J). The green lines indicate Pearson’s c
distanceswithout considering time shifts in each case. The dotted lines indicate th
n of time series sampled in m cells pooled from four independent experiments is
(K–M) Normalized fluorescence intensity time series of HaloTag-TMR registered w
For each condition the number n of time series sampled in m cells pooled fro
averages. Shaded error bands about the population averages indicate 95% con
See also Figure S1.geneity, we used automatic tracking of the cell edge to identify
the state of protrusion and retraction locally in 500 nm-long
sectors (Vilela et al., 2013). For each sector, we determined the
protrusion or retraction velocity and the time since the onset of
protrusion or retraction (Figures 1B and 1C; Movies S1 and S2).
Fast and slow protruding sectors, or protruding and retracting
sectors, alternate over distances as short as 2–3 mm.
Local Sampling and Temporal Registration of Spatially
Heterogeneous Protrusion Activities
To investigate the function of multiple actin nucleators and mod-
ulators in edgemotion, we recorded time series of molecular and
cellular events, such as the recruitment of a particular actin
assembly factor or the local traction force level, in windows
of 1 mm2, which tracked the cell edge (Figure 1D; Movie S3).
The size of these probing windows was chosen to be several-
fold smaller than the 2–3 mm length scale of protrusion events,
yet large enough to reduce by averaging the pixel-by-pixel noise
of molecular events (Vilela et al., 2013). Because of the intrinsic
variation of molecular events within an area of 1 mm2, each
time series provided one instantiation of a stochastic process
that relates these events to cell edge motion. Therefore, to
answer questions like ‘‘when does a particular molecule arrive
at the cell edge relative to the onset of a protrusion,’’ it was
necessary to average over many time series.
To this end, we registered (aligned) the time series of all win-
dows of a cell using one of three edge motion events as a tem-
poral fiduciary—retraction onset, protrusion onset, and instance
of maximal protrusion velocity (Figures 1E–1G). This registration
required robust detection of the onsets of protrusion and retrac-
tion events (Figure S1; Supplemental Experimental Procedures).
After registration, we averaged the intensity time series, first over
all windows within an individual cell and then across multiple
cells. Of note, the accuracy of these final cell-population time
series is highest closest to the event used for alignment and de-
creases with time before and after the event, primarily owing to
the variation in the duration of individual protrusion and retrac-
tion segments.
Statistical Independence of Neighboring Probing
Windows
For statistical analysis (mean, confidence internal, correlation) it
is essential to determine the degree of interdependence be-
tween the time series obtained from neighboring probing win-
dows. The information of neighboring time series is decoupledr activities by alignment of motion events. (D) Left: quantification of cell edge
tracking the cell movement (see also Movie S3). Right: space-time map of
escence) (bottom); each row represents the velocity and activity time series,
ity map (bottom) with respect to retraction onsets (t = 0) (E), protrusion onsets
The red lines indicate Pearson’s correlation coefficients between protrusion
ances. The series are registered with respect to retraction onset (H), protrusion
orrelation coefficients between sampling windows separated by the specified
e 95%confidence level of the correlation values. For each condition the number
indicated.
ith respect to retraction onset, protrusion onset or maximal protrusion velocity.
m two independent experiments is indicated. Solid lines indicate population
fidence intervals by bootstrap sampling.
Cell Systems 1, 37–50, July 29, 2015 ª2015 Elsevier Inc. 39
A B C
D E F
G H I
J K L
M N O
Figure 2. Recruitment of Actin Assembly Factors to Lamellipodium
(A–F and J–O) Normalized fluorescence intensity time series registeredwith respect to retraction onset, protrusion onset or maximal protrusion velocity. Time axis
spans average duration of protrusion or retraction events (see Figures S6A and S6C). For each condition the number n of time series sampled inm cells pooled
(legend continued on next page)
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by two factors—(1) spatial heterogeneity (Figure 1B), and (2) the
time series were aligned relative to edge motion events detected
independently for each probing window. To determine the de-
gree of coupling, we calculated the correlation between the
velocity time series registered with respect to retraction onset,
protrusion onset, and maximal protrusion velocity. We also
calculated spatial correlations of velocities between probing
windows at the same time. For the latter, we found significant
correlations between probing windows over distances >1 mm
(green lines in Figures 1H–1J), suggesting that in our datasets,
neighboring time series were coupled indeed. However, after
event alignment, the length scale over which time series would
be substantially correlated falls below 0.5 mm (red in Figures
1H–1J). Thus, we concluded that each probing window gener-
ates a statistically independent sample of the stochastic protru-
sion process.
Characterization of Cytoplasmic Fluorescence
Dynamics Using a Diffuse Fluorescent Marker
To test the specificity of the signal of fluorescent actin assem-
bly factors in reporting association of the protein with the lamel-
lipodial actin network, we first characterized the temporal
fluctuations of a diffuse fluorescent marker as a control signal.
For this purpose, we used HaloTag, a fusion tag that forms a
covalent bond to fluorescent ligands (Los et al., 2008). We
expressed the HaloTag protein in PtK1 cells (Movie S4) and
labeled them with tetramethylrhodamine (TMR) ligands. The
analysis showed that the cytoplasmic fluorescence increases
after retraction onset and decreases after protrusion onset (Fig-
ures 1K and 1L) because of cell volume changes during these
motion events. The cytoplasmic fluorescence exhibits a sharp
dip 20 s after the protrusion velocity reaches its maximum (Fig-
ure 1M), suggesting that diffusion of HaloTag-TMR in the lamel-
lipodia region is too slow to instantaneously follow cell edge
movements.
Differential Recruitment Dynamics of Actin Assembly
Factors to Lamellipodium
Building on these control experiments, we next characterized
actin recruitment. We micro-injected trace amounts of Alexa
568-labeled actin into PtK1 cells and used live-cell imaging to
monitor fluctuations in fluorescence intensity as a proxy for actin
recruitment to the lamellipodium (Movie S5). As expected, the
fluorescence of actin at the leading edge decreased after retrac-
tion onset and increased after protrusion onset (Figures 2A and
2B). Importantly, these dynamics were opposite to those
observed for HaloTag-TMR (Figures 1K–1M), indicating that
the fluorescence signal from low amounts of Alexa 568-labeled
actin predominantly reports the fraction of actin monomers
incorporated in the filament network. The average fluorescence
signal registered relative to maximal protrusion velocity dis-
played a sharp peak 10 s after the reference event (Figure 2C),
which is consistent with previous quantitative fluorescent
speckle microscopy analyses showing that the rate of actin as-from multiple independent experiments (three experiments for actin, four for Arp
ulation averages. Shaded error bands about the population averages indicate 95
(G–I) Immuno-localization of formins mDia1 (G), mDia2 (H), and phalloidin-actin (
See also Figures S2, S3, and S4A–S4F.sembly peaks after the time point of fastest protrusion (Ji et al.,
2008).
Next, we asked whether the temporal variation in actin fila-
ment assembly is related to temporal variations in recruitment
and activation of actin assembly factors. We expressed HaloTag
fusions to nucleator and modulator proteins and labeled them
with TMR ligands. We first applied this approach to the Arp3
component of the Arp2/3 complex and found an almost identical
recruitment pattern to actin (Figures 2D–2F; Movie S6) with the
exception that the actin signal increased just before protrusion
onset, while the HaloTag-TMR-Arp3 signal began to increase
only 10–20 s after protrusion onset (cf. Figure S2A versus Fig-
ure S2B). This suggests that in spontaneous epithelial cell
edge protrusions other factors may play a role in initiating lamel-
lipodial actin filament assembly.
The involvement of Arp2/3 as a nucleator of lamellipodial
actin filament assembly is well-established in PtK1 cells, but
the roles of other nucleators such as formin family members
have not been addressed systematically. During spontaneous
protrusion events, the Rho family GTPase RhoA, an activating
signal for members of the formin family including mDia1 (Wata-
nabe et al., 1997), has been found active at the leading edge
and in fact preceding the activation of the Rho family GTPase
Rac1, which is upstream of Arp2/3 activation (Machesky
et al., 1999, 2009; Miki et al., 1998; Tkachenko et al., 2011).
Thus, mDia1 was a possible candidate nucleator for the initia-
tion of protrusions. In addition to mDia1, mDia2 also has
been found at the leading edge of mouse melanoma B16F1
cells and by loss-of-function perturbation has been described
as required for lamellipodia formation (Yang et al., 2007). There-
fore, we next investigated the recruitment dynamics of mDia1
and mDia2.
Although previous work in PtK1 cells suggested that formins
were absent from the lamellipodium (Gupton et al., 2007), we
found by RT-PCR and western blot that the formins mDia1 and
mDia2 are both expressed in PtK1 cells (Figures S2C and
S2D). Immunofluorescence imaging showed that both proteins
are also localized to the leading edge (Figures 2G–2I; Movies
S7 and S8), along with Arp2/3 (Figures S2E and S2F). In contrast
to Arp2/3, the fluorescence of HaloTag-TMR-labeled mDia1
decreased after retraction onset but then consistently increased
after 50 s (Figure 2J) and plateaued before protrusion onset (Fig-
ure 2K). Hence mDia1 arrives at the leading edge much earlier
than Arp2/3.Moreover, mDia1 recruitment underwent a transient
dip 15 s after maximal protrusion velocity (Figure 2L), when
Arp2/3 recruitment exhibited a sharp peak (Figure 2F), suggest-
ing a hand-over frommDia1-based to Arp2/3-based actin nucle-
ation during fast protrusion (Figure S3).
Similar to mDia1, mDia2 fluorescence showed a significant
peak after retraction onset followed by a decrease (Figure 2M),
but unlike mDia1, it significantly increased again only 30 s after
protrusion onset (Figure 2N) and had a distinct peak (rather than
a dip) 40 s after maximal protrusion velocity (Figure 2O). Hence,
mDia2 is recruited to the lamellipodium 30 s after Arp2/3, similar2/3, four for mDia1, and four for mDia2) is indicated. Solid lines indicate pop-
% confidence intervals computed by bootstrap sampling.
I). Scale bars, 5 mm.
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Figure 3. Traction Force and Adhesion Dynamics in Epithelial Cell Protrusion
(A) Map of the magnitude of the traction force in a PtK1 cell with 1 3 1 mm probing windows at the leading edge. Scale bar, 5 mm.
(B) Definition of a cell frame of reference in which probing windows track the leading edge.
(C) Definition of a laboratory frame of reference in which probing windows are placed at the sites of protrusion initiation and remain stationary to track activities
associated with newly formed adhesions.
(legend continued on next page)
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to the findings in vitro (Lee et al., 2010) and consistent with the
idea that formins can elongate Arp2/3-nucleated actin filaments
(Block et al., 2012; Lee et al., 2010; Yang et al., 2007).
VASP and cofilin dynamics were similar to those of Arp2/3
(Figures S4A–S4F; Movies S9 and S10), with the exception that
cofilin recruitment peaked 30 s after maximal protrusion velocity,
i.e., 20 s later than actin, Arp2/3, and VASP (Figure S4F). Notably,
none of the HaloTag-TMR-labeled proteins exhibited the behav-
iors of diffuse HaloTag-TMR, implying that the level of labeling
was low enough to specifically highlight the fraction of protein
immobilized by association with the lamellipodial actin filament
network. Taken together, our analyses revealed a differential
recruitment of actin assembly factors during distinct phases of
the protrusion-retraction cycle. Of all factors measured, mDia1
was the only one to arrive at the leading edge before protrusion.
All other factors Arp2/3, VASP, cofilin, and mDia2 followed after
protrusion onset.
Laboratory Frame of Reference Reveals Traction Force
and Adhesion Dynamics at the Leading Edge during
Protrusion
Toconvert actin assembly into edgeprotrusion, propulsive forces
generated by growing filaments must be balanced by traction
forces on the substrate at adhesions. Therefore, during protru-
sion, thecoordinatedactionof actin assembly factors is expected
to produce coupled variations in traction force and adhesion as-
sembly. To test this coupling, we first applied our local sampling
and registration approach to traction forcemicroscopy data (Fig-
ure 3A;Movie S11) and investigated how traction forces are coor-
dinatedwith edgemotion during protrusion-retraction cycles.We
also monitored the assembly of adhesions by recruitment of
HaloTag-TMR-labeled paxillin (Movie S12) as a canonical marker
for nascent adhesion formation (Nayal et al., 2006).
We quantified traction forces and paxillin intensity in two
frames of reference. In a ‘‘cell frame of reference,’’ probing win-
dows tracked the motion of the leading edge (Figure 3B; Movies
S3 and S13 [yellow windows]). In a ‘‘laboratory frame of refer-
ence,’’ probing windows were dynamically placed at the loca-
tions of protrusion onset but then left stationary to monitor the
force evolution and protein recruitment at newly forming immo-
bilized adhesions (Figure 3C; Movie S13 [red windows]). Traction
force levels at the cell edge had a basal level of350 Pa and fluc-
tuated 50 Pa about this value (Figures 3D–3F). This is consis-
tent with previous traction force measurements in the same
model cell, which suggested that overall the cell cortex is pre-
stressed by actomyosin contractility with superimposed smaller
force variations that are associated with the dynamics of the
actin protrusion machinery (Gardel et al., 2008).(D–M) Time series of traction force (D–H) and normalized paxillin (adhesionmarker
with respect to retraction onset, protrusion onset, or maximal protrusion velocity
(N–S) Pearson’s cross-correlation of traction force and edge velocity (N–P) and o
variables using time series acquired during retraction phases in the cell frame of re
to 50 s beforemaximal protrusion velocity) (O and R), and overall (fromprotrusion o
laboratory frame of reference. For each condition the number n of time series sam
the gray areas indicate the periods of the time series used for correlation analy
population averages indicate 95% confidence intervals computed by bootstrap
95% confidence.
See also Figures S4G–S4K.In the cell frame of reference, traction forces at the leading
edge started to increase at retraction onset (Figure 3D) until
they dropped 25 s after protrusion onset (Figure 3E). They dis-
played a significant dip when registered with respect to maximal
protrusion velocity (Figure 3F), suggesting that adhesion sites
are left behind from the advancing edge. The temporal patterns
of traction forces were very similar to those of paxillin intensity
(Figures 3I–3K).
In the laboratory frameof reference, traction forces (Figures 3G
and 3H) and paxillin intensity (Figures 3L and 3M) showed sus-
tained increases as edge protrusion proceeded. We conclude
from these data that adhesion formation is initiated before protru-
sion onset at the retracting edge. These nascent adhesions are
then immobilized at protrusion initiation sites to counteract the
propulsive forces generated at the advancing edge. Importantly,
nascent adhesion formation happens only once at the onset of
the protrusion cycle. The actin filament network formed after pro-
trusion onset remains without substrate engagement until the
onset of the next protrusion segment. Further support for this
model was provided by analysis of the retrograde flow of actin fil-
aments (Ponti et al., 2004) (Figures S4G–S4K).
Cross-Correlation Reveals Timing between Traction
Force and Edge Motion
We next investigated how traction forces are temporally
coordinated with edge motions. First, we selected in the cell
frame-of-reference all time series during retraction events and
correlated edge velocity and traction force as a function of the
time lag between the time series (Figure 3N; Pearson’s correla-
tion coefficient). We found a positive correlation maximum
at –10 s time lag indicating that the retraction velocity slows
down 10 s after traction force begins to increase. We performed
the same correlation analysis for protrusion events in the labora-
tory frame of reference. Using time series from protrusion onset
to 50 s before maximal protrusion velocity, no significant corre-
lation between edge velocity and traction force was observed
(Figure 3O). However, when the time series were extended to
50 s after maximal protrusion velocity, a significant correlation
maximum occurred at 40 s time lag (Figure 3P), indicating that
traction force increases 40 s after the edge velocity increases.
Thus, while the initial protrusion phase is nearly free of mechan-
ical load on the growing actin filaments and coupled adhesions,
beyond a critical point further edge advancement expands the
plasma membrane under increasing membrane tension. The
adhesion marker paxillin displayed similar correlations with
edge motion (Figures 3Q–3S). Taken together, our local image
sampling and registration of traction forces and adhesion re-
cruitment demonstrated a tight coordination of traction force,) fluorescence intensity (I–M) in cell or laboratory frames of reference registered
.
f paxillin and edge velocity (Q–S) as a function of the time lag between the two
ference (N and Q), and time series acquired during early (from protrusion onset
nset to 50 s aftermaximal protrusion velocity) (P and S) protrusion phases in the
pled inm cells pooled from three independent experiments is indicated. Inset:
sis. Solid lines indicate population averages. Shaded error bands about the
sampling. Dotted lines (two arcs) indicate the significant correlation level with
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Figure 4. Temporal Coordination between mDia1 and Arp2/3 in Epithelial Cell Protrusion
(A) Cross-correlation analysis between mDia1 and actin.
(B) Pairwise Pearson’s correlation coefficients of EGFP-mDia1-fluorescence and SNAP-tag-TMR-actin-fluorescence intensity time series registered relative to
protrusion onset (1,148 time series from nine cells pooled from two independent experiments).
(C) Pairwise Pearson’s correlation coefficients –log10 (p value).
(D–F) Scatter plots and Pearson’s correlation coefficients ofmean normalized intensities ofmDia1 during retraction and of actin during protrusion (sample sizes as
in B) (D), actin during retraction and actin during protrusion (sample sizes as B) (E), and mDia1 during retraction and Arp2/3 during protrusion (1,716 time series
from 11 cells pooled from two independent experiments) (F). p values are calculated using permutation t test. The gray circles in (D–F) indicate the distribution of
the same data after randomizing the association between x and y component.
See also Figure S5.adhesion formation, and edge motion at length and time scales
of single microns and tens of seconds.
Cross-Correlation Reveals Coordination between Actin
Nucleators
To further investigate the functional importance of mDia1 as an
initiator of lamellipodial network assembly and cell protrusion,
we performed dual-color live cell imaging of EGFP- mDia1 and
SNAP-tag-TMR-actin, making it possible to directly correlate
the activity of mDia1 and actin. By exploiting the spatiotemporal
variation of the fluorescence signal associated with constitutive
protrusion and retraction activity, we established direct statisti-
cal relationships between the two recruitment processes. In
agreement with the recruitment sequence derived from single
channel imaging of actin and actin nucleators, the dynamics of
simultaneously imagedmDia1 and actin recruitment were similar
prior to protrusion onset, but they diverged afterward (Figure S5).
Correlation analysis between EGFP-mDia1 and SNAP-tag-TMR-44 Cell Systems 1, 37–50, July 29, 2015 ª2015 Elsevier Inc.actin time series aligned relative to protrusion onset (Figure 4A)
showed significant correlation values (0.15–0.25, p = 1012–
104, permutation t test) in the upper triangle of the pairwise cor-
relation matrix (Figures 4B and 4C; Supplemental Experimental
Procedures), indicating that mDia1 systematically preceded
actin polymerization and suggesting that mDia1 drives actin
assembly before protrusion onset.
To test how the coupling of mDia1 and actin recruitment prior
to protrusion influences lamellipodial and edgemotion dynamics
during protrusion, we correlated themean EGFP-mDia1 intensity
in a probing window during retraction with the mean SNAP-tag-
TMR-actin intensity in the same window during protrusion. This
analysis revealed that the level of mDia1 recruitment during
retraction has a significant correlation (0.27, p = 2.33 1020, per-
mutation t test) with the amount of actin polymerization during
protrusion (Figure 4D purple circles), whereas there is no signif-
icant correlation (0.02 p = 0.56, permutation t test) in the
randomized decoupled dataset (Figure 4D, gray circles). For
comparison, we also did not find significant correlation between
mDia1 during protrusion and actin during retraction (0.02,
p = 0.5, permutation t test). On the other hand, we found a signif-
icant correlation (0.35, p = 1.6 3 1034, permutation t test) be-
tween actin recruitment during retraction and actin recruitment
during protrusion (Figure 4E, red circles), whereas there is no
significant correlation (0.02, p = 0.49, permutation t test) in
the randomized decoupled dataset (Figure 4E, gray circles).
Together, these analyses corroborate thatmDia1 drives actin as-
sembly prior to protrusion and determines the amount of actin
assembly during protrusion.
The recruitment sequence of actin nucleators derived from
single channel imaging also indicated that actin polymerization
after protrusion onset is dominated by Arp2/3. Thus, our
correlation analysis between mDia1 and actin recruitment im-
plies a connection between mDia1-mediated actin assembly
prior to and Arp2/3 activation after protrusion onset. To test
this, we performed dual-color imaging of EGFP-mDia1 and
Arp3-HaloTag-TMR and correlated the mDia1 mean intensity
during retraction and the Arp2/3 mean intensity during protru-
sion (Figure 4F). Indeed, compared to a much weaker correla-
tion between mDia1 during protrusion and Arp2/3 during
retraction (0.05, p = 0.04, permutation t test), we found a signif-
icant correlation between the two variables (0.20, p = 3.5 3
1014, permutation t test) (Figure 4F, cyan circles), whereas
there is no significant correlation (0.02, p = 0.52, permutation
t test) in the randomized decoupled dataset (Figure 4F, gray
circles).
The Formin Inhibitor SMIFH2 Reduced Protrusion
Length and Arp2/3 Activation at the Leading Edge
Our statistical analyses thus far suggest that early recruitment of
mDia1 may nucleate the growth of linear actin structures, which
are anchored to the substrate by nascent adhesions before pro-
trusion starts, and this process plays an important role in coordi-
nating the recruitment of Arp2/3, which enhances filament
growth after protrusion onset. To confirm the coordination be-
tween mDia1 and Arp2/3 directly, we treated PtK1 cells with
20 mMSMIFH2, a chemical inhibitor of formin FH2 domains (Rizvi
et al., 2009). Formin-inhibited cells had less protrusive activity
than cells under control conditions (Figures 5A and 5B), with a
much tighter distribution of net distances traveled over the
course of an entire movie (Figure 5C). This suggests that formin
plays a role in controlling the distance range of protrusion-retrac-
tion cycles. To further investigate the role of formin, we identified
protrusion and retraction segments for each probing window
(Figure 5D) and calculated their duration and average velocity.
The marginal distributions of the two parameters in control and
formin-inhibited cells showed only weakly significant differences
(Figures S6A and S6B). However, the joint distribution revealed
that with formin-inhibition fast protrusion segments lasted for
only a short time, while long-lasting protrusion segments tended
to be slow. As a result, the distance traveled over one protrusion
segment was significantly (p = 1.1 3 1019, one-tailed Kolmo-
gorov-Smirnov [K-S] test) reduced by formin inhibition (Fig-
ure 5F). In control cells, the two parameters were less correlated
(Figure 5E). Formin-inhibition also constrained the distance edge
windows traveled over retraction segments (Figures 5G, 5H,
S6C, and S6D). This explains why, when integrated over thecourse of an entire movie, the leading edges of formin-inhibited
epithelial cells traveled the same net distances as those of con-
trol cells.
To test our prediction that the longer distances of protrusion
segments in untreated cells originates in mDia1 modulating
Arp2/3 recruitment, we compared Arp2/3 dynamics in cells
without and with SMIFH2 treatment. Because the expression
levels of Arp2/3-HaloTag-TMR varied between cells, we normal-
ized the Arp2/3 intensity in the lamellipodium to the Arp2/3
intensity in the region 1.5–2 mm from the cell edge. Under formin
inhibition, Arp2/3 levels did not significantly increase after pro-
trusion onset and, compared to control cells, they exhibited
only minor fluctuations after the time points of retraction onset
and maximal protrusion velocity (Figures 5I, 5J, and S7A).
Consistent with the dynamic analysis, the overall levels of
Arp2/3 in the lamellipodium at maximal protrusion velocity
were substantially reduced with SMIFH2 treatment, but they re-
mained unchanged over the entire lamella region located behind
the lamellipodium (>2 mm from the cell edge) (Figure 5K).
The finding that both mDia1 and paxillin were recruited to the
leading edge before protrusion onset suggests that mDia1
could play an important role in adhesion dynamics. Moreover,
a previous study showed that knock down of mDia1 led to
the disappearance of nascent adhesions (Zaoui et al., 2008).
To probe the role of mDia1 in adhesion formation, we treated
cells with 20 mM SMIFH2 and analyzed paxillin dynamics in
the cell frame of reference. Recruitment of paxillin to the lead-
ing edge of SMIFH2-treated cells at protrusion onset was highly
variable with no detectable trends in the timing, in clear
contrast to DMSO-treated cells, which had a peak in the paxillin
recruitment at protrusion onset (Figure 5L). At maximal protru-
sion velocity, SMIFH2-treated cells still showed a sharp
decrease of paxillin fluorescence as the advancing cell edge
rapidly moved away from stabilized nascent adhesions (Fig-
ure S7B). Hence, SMIFH2-treated cells were still capable of
assembling adhesions at the leading edge, even though they
lost the spatiotemporal coordination between protrusions and
adhesions.
Changes in Membrane Tension Revealed that Arp2/3
Recruitment Is Mechano-Sensitive
Combining our observations of traction force fluctuations with
the coordination of actin assembly factors led to the hypothesis
that the Arp2/3 recruitment after protrusion onset could be
controlled by the increasing force levels in nascent adhesions.
Since these forces balance propulsive forces by actin polymeri-
zation at the cell edge, this would provide for a mechanism of
mechano-responsive positive feedback, in which initial protru-
sion mediated by mDia1-driven filament assembly promotes
the recruitment of Arp2/3 (and other assembly factors) in order
to increase the rate of actin-based propulsion against increasing
membrane tension and further reinforcement of Arp2/3 recruit-
ment. Accordingly, the rate of Arp2/3 recruitment is predicted
to depend on the rate of plasma membrane tension increase.
To test this prediction, we altered themembrane tension levels
using deoxycholate (Raucher and Sheetz, 2000) and concanav-
alin A (Con A) (Figure S7C; Supplemental Experimental Proce-
dures) and used our statistical analysis to determine how the
recruitment of Arp2/3 and mDia1 was affected. In previousCell Systems 1, 37–50, July 29, 2015 ª2015 Elsevier Inc. 45
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Figure 5. Effects of Formin Inhibition on Protrusion Length, Arp2/3 Activation, and Adhesion Dynamics
(A and B) Positions (blue, early; red, late time points) of leading edge of cells stained with CellMask Orangemembranemarker and treated with DMSO (control) (A)
and 20 mM SMIFH2 (formin inhibitor) (B). Scale bars, 5 mm.
(C) Distribution of net edge movement in DMSO-treated cells (n = 2,023 sectors from m = 9 cells) or SMIFH2-treated cells (n = 1,498 sectors from m = 9 cells).
(D) Motion of a single 500-nm long edge sector over 16 min. Blue line: protrusion distance obtained by time-integration of protrusion velocity, Green line, spline-
filtered protrusion distance; red open circle (B): protrusion onset; red solid circle (C), retraction onset. The time interval between a retraction onset and a
protrusion onset is defined as a retraction segment. The time interval between a protrusion onset and a retraction onset is defined as a protrusion segment.
(E) Velocity versus duration of individual protrusion segments in DMSO-treated cells (n = 950 segments from m = 9 cells pooled from three independent ex-
periments) and SMIFH2-treated cells (n = 399 segments from m = 9 cells pooled from three independent experiments).
(F) Distribution of protrusion segmental distance in DMSO- or SMIFH2-treated cells. n = 950 protrusion segments from m = 9 cells for DMSO and n = 399
protrusion segments from m = 9 cells for SMIFH2. The data were pooled from three independent experiments. p value is calculated using one-tailed K-S test.
(G) Velocity versus duration of individual retraction segments in DMSO-treated cells (n = 1,180 segments from m = 9 cells) or SMIFH2-treated cells (n = 718
segments from m = 9 cells).
(H) Distribution of retraction segmental distance in DMSO- or SMIFH2-treated cells. n = 1,180 retraction segments from m = 9 cells for DMSO and n = 718
retraction segments from m = 9 cells for SMIFH2. The data were pooled from three independent experiments. p value is calculated using one-tailed K-S test.
(I and J) Time series of Arp2/3 intensity in the lamellipodium, normalized to the Arp2/3 intensity in the region 1.5–2 mm from the cell edge, registered with respect to
protrusion onset ormaximal protrusion velocity in DMSO- or SMIFH2-treated cells. (I) n = 556 time series sampled inm= 10 cells for DMSO and n = 602 time series
sampled inm = 11 cells for SMIFH2, pooled from three independent experiments. (J) n = 1,468 time series sampled inm = 10 cells for DMSO and n = 1,467 time
series sampled in m = 11 cells for SMIFH2, pooled from three independent experiments.
(K) Spatial modulation of Arp2/3 fluorescence at time point of maximal protrusion velocity in DMSO- and SMIFH2-treated cells as a function of distance from the
leading edge.
(L) Normalized paxillin fluorescence intensity time series acquired in the cell frame of reference in DMSO- or SMIFH2-treated cells registered with respect to
protrusion onset. n = 556 time series sampled inm = 8 cells for DMSO and n = 331 time series sampled inm = 11 cells for SMIFH2, pooled from three independent
experiments. Solid lines indicate population averages. Shaded error bands about population averages indicate 95% confidence intervals computed by bootstrap
sampling.
See also Figures S6, S7A, and S7B.
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Figure 6. Mechanosensitivity of Arp2/3 Dynamics during Cell Protrusion
(A and B) Protrusion segmental velocity in control cells versus cells treated with 400 mM deoxycholate to decrease membrane tension (A) (n = 1,950 time series
sampled in m = 11 cells for control and n = 2,555 time series sampled in m = 12 cells for deoxycholate, pooled from three independent experiments) or cells
treated with 1 mg/ml concanavalin A to increasemembrane tension (B) (n = 1,796 time series sampled inm = 12 cells for control and n = 1,995 time series sampled
in m = 10 cells for concanavalin A, pooled from three independent experiments).
(C and D) Time series of Arp2/3 intensity in the lamellipodium, normalized to the Arp2/3 intensity in the region 1.5–2 mm from the cell edge registered with respect
to maximal protrusion velocity in control versus deoxycholate-treated cells (C) (n = 1,040 time series sampled inm = 6 cells for control and n = 1,448 time series
sampled in m = 8 cells for deoxycholate, pooled from two independent experiments) or control versus concanavalin A-treated cells (D) (n = 1,095 time series
sampled in m = 8 cells for control and n = 1,054 time series sampled in m = 6 cells for concanavalin A, pooled from two independent experiments).
(E) Average edge velocity between protrusion onset and maximal protrusion velocity versus between maximal protrusion velocity and protrusion end in control
versus deoxycholate-treated cells.
(F) Average edge velocity between protrusion onset and maximal protrusion velocity versus between maximal protrusion velocity and protrusion end in control
versus concanavalin A-treated cells.
(G and H) Normalized fluorescence intensity time series of mDia1 registered with respect to maximal protrusion velocity in control versus deoxycholate-treated
versus concanavalin A-treated cells. (G) n = 1,182 time series sampled inm = 8 cells for control and n = 1,149 time series sampled inm = 7 cells for deoxycholate,
pooled from two independent experiments. (H) n = 1,089 time series sampled in m = 8 cells for control and n = 1,325 time series sampled in m = 8 cells for
concanavalin A, pooled from two independent experiments. Solid lines indicate population averages. Shaded error bands about population averages indicate
95% confidence intervals computed by bootstrap sampling. p values are calculated using one-tailed K-S test.
See also Figure S7C.studies variation in membrane tension was associated with
increased (low tension) or decreased (high tension) efficiency
of the load-dependent polymerization ratchet (Gauthier et al.,
2011; Mogilner and Oster, 1996; Raucher and Sheetz, 2000)
and Rac activation (Houk et al., 2012). Consistent with this infer-
ence, we found that reduced membrane tension using deoxy-
cholate significantly (p = 2.4 3 1016, one tailed K-S test)
increased protrusion segmental velocity (Figure 6A). However,
increased membrane tension under Con A treatment also signif-
icantly increased (p = 1.73 1011, one tailed K-S test) protrusion
segmental velocity (Figure 6B). This would support a tension-
induced positive feedback in the activation of actin assembly
factors that compensates and even overcomes the load-depen-
dent efficiency drop of the polymerization ratchet (Mogilner and
Oster, 1996).To test this model, we investigated the changes in actin nucle-
ator recruitment dynamics elicited by changes in membrane ten-
sion. Reducing membrane tension abolished the recruitment
peak of Arp2/3 10 s after maximal protrusion velocity (Fig-
ure 6C). Together with the traction force measurements (Fig-
ure S7C; Supplemental Experimental Procedures), this suggests
that during a protrusion cycle the membrane tension and the
traction force at the leading edge increase, leading to Arp2/3
activation during reinforcement of cell protrusion. Increasing
membrane tension did not alter the timing of the Arp2/3 peak
after maximal protrusion velocity, but it substantially raised the
rate of Arp2/3 recruitment prior to this time point (Figure 6D).
Consistent with these recruitment patterns, the average edge
velocity before maximal protrusion velocity was not greatly
changed by lowering tension (Figure 6E), but was increasedCell Systems 1, 37–50, July 29, 2015 ª2015 Elsevier Inc. 47
Figure 7. Model of Initiation and Reinforcement of Actin Assembly
during Cell Protrusions Mediated by Multiple, Functionally Overlap-
ping, Assembly Promoting Pathways
The formin mDia1 is recruited to the leading edge of the cell before protrusion
onset, initiating linear growth of the lamellipodial network. Recruitment of
Arp2/3 sensitive to membrane tension then promotes sustained exponential
growth of the network, supported by additional assembly factors.significantly by raising tension (Figure 6F). We also tested the
mechanosensitivity of mDia1 formin. In contrast to Arp2/3, we
did not find significant differences in mDia1 dynamics between
control conditions and conditions of altered membrane tension
(Figures 6G and 6H).DISCUSSION
The standard cell biological approach relying on molecular per-
turbations is limited when dealing with pathways with functional
redundancy. Here, we propose an approach to unraveling
differential yet partially redundant functions in complex molecu-
lar systems by establishing the fine orchestration between
molecular events in an unperturbed but dynamically fluctuating
system. Implementing this approach required overcoming sub-
stantial technical challenges related to the heterogeneous and
stochastic nature of the exploited fluctuations. To tackle this,
we developed a local image sampling and registration approach
that allowed us to extract hidden dynamic relations between
intrinsically stochastic molecular activities. The main idea is
that time series alignment relative to temporal fiduciaries enables
us to characterize the dynamics of various molecular and
cellular events, establishing the temporal hierarchy of molecular
cascades.
Previously, correlation analysis between protrusion velocity
and RhoGTPase activities has been used to establish the timing
of RhoGTPase activation relative to protrusion events (Macha-
cek et al., 2009). However, since the correlation coefficients
were calculated in a temporally global manner, this approach
could be limited when multiple temporal coordination mecha-
nisms overlap within the same time series. By locating specific
protrusion events such as protrusion and retraction onsets and48 Cell Systems 1, 37–50, July 29, 2015 ª2015 Elsevier Inc.maximum protrusion velocity, we were able to choose the inter-
vals of time series to performmore specific correlation analyses.
To demonstrate this method, we mapped out the recruitment
dynamics of actin assembly and related these data to edge
movement, adhesion assembly, and force generation. Interest-
ingly, each factor exhibited highly distinct dynamics (Figures 2
and S4A–S4F). From this analysis, we built a precise event
cascade that puts mDia1 recruitment at the top of a causal chain
of molecular events driving cell protrusion. These experiments
were strongly supported by statistical analyses of dual-color
imaging of mDia1 and Arp2/3, which indicate dependence of
Arp2/3 recruitment on mDia1, but not vice versa (Figure 4). To
confirm this finding, we used small molecule inhibitors of formins
to acutely disrupt mDia1 function and indeed found the predic-
tion confirmed that without mDia1-initiated actin assembly
significantly lower amounts of Arp2/3 were recruited to the lead-
ing edge and adhesion formation was disrupted (Figures 5I–5K).
This is consistent with previous studies that showed RhoA activ-
ity preceding Rac activity during spontaneous protrusion/retrac-
tion cycles (Machacek et al., 2009; Tkachenko et al., 2011) and
knock-down of mDia1 abrogating nascent adhesions (Zaoui
et al., 2008). Interestingly, recent studies also showed that
mDia1 and Arp2/3 work together in actin organization in cell cor-
tex (Bovellan et al., 2014) and Listeria comet tails (Fattouh et al.,
2015).
Our work by no means questions the power of molecular
biology and genetics as an experimental tool, especially for
component discovery. It does, however, put a cautionary note
on the interpretability of experimental outcomes in terms of the
function of the targeted system component. The default interpre-
tation of a molecular or genetic intervention experiment has to
start with the conclusion that the data show how the system
behaves when the targeted component is perturbed. This is
fundamentally different from the conclusion what the targeted
component contributes to the systembehaviorwhen it is present.
Our study also demonstrates the application of fluctuation
analysis to reveal dynamic mechano-responses of cell protru-
sion. We show that Arp2/3 recruitment, but not mDia1 recruit-
ment, is controlled, at least in part, by the level of membrane
tension. This mechanism is elicited either globally by manipula-
tions of tension homeostasis, or dynamically during sponta-
neous protrusion-retraction cycles where membrane tension
changes transiently with the level of edge advancement. Hence,
we suggest that Arp2/30s primary function in actin-mediated cell
protrusion is the rapid upregulation of actin assembly under
increasing force levels, regardless of whether the protrusion is
initiated spontaneously, by chemotaxis, haptotaxis, or another
guidance mechanism. We surmise that deducing this function
of Arp2/3 required the direct observation of recruitment in the
context of the dynamics of other system variables.
In summary, our data reveal a core component of an initiation-
reinforcement cycle of actin filament assembly that drives
persistent cell protrusion (Figure 7): mDia1 is the first nucleation
factor recruited to the plasma membrane and activated during
cell edge retraction. These early actin assembly events generate
a filament scaffold for the recruitment of molecular components
into nascent adhesions (Choi et al., 2008). At this point it is
possible that other members of the formin family may be
involved (Iskratsch et al., 2013), with the exception of mDia2
that has been characterized as a late factor. At protrusion onset,
adhesions are spatially immobilized and Arp2/3 recruitment is
activated. Arp2/3 binds to early nucleated ‘‘mother filaments’’
(Machesky et al., 1999) and promotes the exponential growth
of a lamellipodial network in dendritic branches (Initiation). This
accelerates membrane protrusion. As protrusion proceeds
with adhesion maturation, increasing membrane tension slows
down edge advancement while activating the mechano-respon-
sive Arp2/3 recruitment to sustain actin filament assembly (rein-
forcement) (Ji et al., 2008). During this period, mDia1 spatially
lags behind the Arp2/3-nucleated network (Figures 2L and
S3C). To corroborate heightened polymerization during rein-
forcement, additional factors such as VASP and mDia2, which
compete with polymerization-blocking capping proteins for
free filament ends, are recruited after the time point of maximal
protrusion velocity. The transition from initiation to reinforcement
happens over a timescale of 10 s. By inference, we suggest that
it is accompanied by a switch from RhoA to Rac1 and Cdc42
signaling (Machacek et al., 2009). Owing to its mechanosensitiv-
ity, we expect that the protein components and duration of the
initiation and reinforcement phases vary between different
modes of cell migration and between different microenviron-
ments. Our statistical framework for the analysis of dynamic im-
age events will accelerate the determination of functional links
between extracellular and intracellular mechanical and chemical
guidance cues and the fine coordination of several redundant
actin assembly pathways required for efficient cell protrusion
during directed migration.
EXPERIMENTAL PROCEDURES
Live-Cell Imaging
PtK1 cells were imaged at 5-s interval for 1,000 s using a 603, 1.4 NAPlanApo-
chromat objective with 1.53 optovar (for traction force microscopy and dual
color imaging no optovar was used) for spinning disk confocal microscopy
and using 1003 1.49 NA Plan Apochromat objective for TIRF microscopy.
mDia Formin Inhibition
PtK1 cells were incubated with 20 mM SMIFH2 (Sigma-Aldrich) for 1 hr. For
analysis of protrusion dynamics, cells were stained using CellMask Orange
after incubation with SMIFH2. For HaloTag fusion proteins, HaloTag was
labeled with TMR ligands after incubation with SMIFH2.
Membrane Tension Perturbation
PtK1 cells were incubated with either 400 mMdeoxycholate (Sigma-Aldrich) for
30 min (decreasing membrane tension) or 1 mg/ml concanavalin A (Invitrogen)
for 10 min (increasing membrane tension) and washed by the media before
imaging. HaloTag labeling with TMR ligands was done before membrane ten-
sion perturbation.
Traction Force Microscopy
Preparation of soft substrates with far-red fluorescent beads for traction force
microscopy is described elsewhere (Gutierrez et al., 2011). Cell traction forces
were calculated by comparing images of tracer particles with and without cells
on the substrate using Fourier transform traction cytometry method (Butler
et al., 2002).
Image Analysis
Cell edges were segmented by intensity thresholding, Cell edge displace-
ments were tracked, and probing windows were generated with a window
size of 500 nm 3 500 nm for fluorescence intensity/actin flow analysis and
1 mm 3 1 mm for traction force analysis. Protrusion and retraction segments
were identified on a per-window basis using a filtered edge displacementtime series (Figures 5D, S1A, and S1B). Time series of normalized fluorescence
intensities, traction forces, actin retrograde flow sampled in individual win-
dows were aligned relative to retraction/protrusion onsets and the instance
of maximal protrusion velocity and averaged over all windows from multiple
cells. The 95% confidence intervals about the average series were obtained
by bootstrap resampling of the individual time series. All procedures are
detailed in the Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and 13 movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cels.2015.07.001.
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